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Abstract: Biocapacitors constructed by combining lysozyme (LYZ) 
and poly(3,4-ethylenedioxythiophene) (PEDOT) retained the 
bactericidal activity of the protein when this was encapsulated within 
the polymeric matrix but lost the antimicrobial behaviour when the 
LYZ was adsorbed onto the polymer. In this work we use atomistic 
Molecular Dynamics simulations to examine the influence of 
protein···polymer interactions in the bactericidal activity of LYZ-
containing biocapacitors. Results show that the anisotropic forces 
exerted by oxidized PEDOT chains on the adsorbed protein induce 
small structural changes that locally affect at the active centre, 
breaking the intra-residue interactions associated with the 
antibacterial mechanism. Conversely, isotropic polymer···protein 
interactions in biocapacitors with encapsulated LYZ do not affect the 
stability of the active centre. These observations suggest that the 
strong repulsive or attractive forces between p-doped polymer 
chains and the positively or negatively charged LYZ residues, 
respectively, are the only ones responsible for the protein activity. 
Introduction 
Biocapacitor is a recently coined term used for biodevices 
inspired by proteins to store and/or generate energy.[1,2] More 
specifically, single electrodes in which proteins are combined 
with synthetic materials, as for example conducting polymers 
(CPs), rechargeable devices able to store large amounts of 
electrical energy (supercapacitors) or to store the potential 
generated by a charge pump (enzymatic fuel cells), have been 
fabricated.[1-5] The potential of biocapacitors in the biomedical 
field is enormous since the protein can help not only to improve 
the biocompatibility of the devices for in vivo implants,[2,4] but 
also can be used to develop bioinspired sensing actuators for 
drug delivery/pumping systems.[5] In recent studies we reported 
the preparation of electrodes for biocapacitors using chicken egg 
white lysozyme (LYZ), also known as muramidase, and poly(3,4-
ethylenedioxythiophene) (PEDOT).[2,4] 
Although LYZ is mostly known for its hydrolase activity on 
the peptidoglycan of Gram-positive bacteria, recent studies have 
evidenced that this small protein of 129 residues (14.4 kDa) also 
exhibits activity on Gram-negative bacteria.[6] In fact, there are 
numerous reports on the usage of LYZ as antimicrobial agent in 
food processing[7] and biomedical applications, as for example 
biosensing devices and therapeutic.[8],This natural antibiotic 
exhibits an ellipsoidal shape in which ordered secondary 
structures (40% -helix and 10% -sheet) coexist with a large 
amount of random coils and turns.[9]  
Among conjugated polymers CPs, PEDOT (Scheme 1) is 
one of the most important because of its great environmental 
stability, electrical conductivity, electrochemical activity, 
thermoelectric behavior and high specific capacitance.[10] 
Additionally, PEDOT offers two fundamental advantages as 
compared to unsubstituted polythiophene (PTh) or other PTh 
derivatives: (1) the fused dioxane ring blocks the -position of 
the thiophene ring preventing from the formation of - linkages 
during the polymerization, which makes the resulting polymer 
well-defined from a regiochemical point of view; and (2) the 
fused dioxane ring and the electron-donating effects provided by 
the oxygen atoms cause the self-rigidification of polymer chains, 
resulting in a gain of aromaticity and in a reduction of the 









Scheme 1. Chemical structure of PEDOT 
LYZ-containing PEDOT electrodes for biocapacitors were 
prepared conserving two approaches that differ in the strategy 
used to immobilize the protein. In the first one, the protein was 
simply adsorbed onto the surface of CP films.[4] The resulting 
system, named PEDOT/LYZ, consisted on a biphasic system 
able to retain the electroactive and electrical properties of 
PEDOT but unable to protect against bacterial growth. In the 
second approach, LYZ was homogeneously distributed inside 
the PEDOT matrix, the resulting material being denoted 
P(EDOT-LYZ) displaying excellent antibacterial activity. The 
latter was prepared by in situ polymerization using a medium 
containing both the protein, which acted as dopant agent, and 
the 3,4-ethylenedioxythiophene (EDOT) monomer.[2,4] Thus, as 
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CPs behave as dynamical systems able to exchange dopant 
ions with the medium, LYZ was slowly escaping from the 
polymer matrix to the culture medium while other ions (including 
other proteins) entered into it.[2,4] After optimization of the 
polymerization conditions, P(EDOT-LYZ) hybrid electrodes 
exhibited higher electrochemical activity and biocompatibility 
than PEDOT.[4] These results evidenced the potential of 
P(EDOT-LYZ) as electrodes for electrochemical biocapacitors 
useful for in vivo implants. 
In this work we use atomistic Molecular Dynamics (MD) 
simulations to explain the influence of protein···polymer 
interactions in the antimicrobial activity of LYZ-containing 
PEDOT electrodes. For this purpose, simulations have been 
conducted on two models that contain all the elements used for 
the fabrication PEDOT/LYZ and P(EDOT-LYZ) electrodes. 
Specifically MD simulations have been performed in absence 
and presence of electric fields, the latter mimicking the one 
originated by the voltage cell difference in biocapacitors. 
Interestingly, results indicate that the directional effects of the 
forces exerted by the CP on LYZ are responsible for the loss 
and retention of the biological activity in PEDOT/LYZ and 
P(EDOT-LYZ), respectively, while unexpectedly the influence of 
the electric field in the loss of protein activity is negligible. 
Construction of PEDOT/LYZ and P(EDOT-LYZ) 
models and approach for the electric field 
The construction of both models started by placing one LYZ 
molecule in its crystal structure, 1LKS entry[9b] (Hen egg white 
lysozyme nitrate) from the Protein Data Bank (PDB), at the 
centre of a cubic simulation box (a= 190 Å) fulfilled with 19508 
previously equilibrated (1 atm and 298 K) explicit water 
molecules. The charge of all potential titratable residues (6 Lys, 
11 Arg, 7 Asp and 2 Glu) was fixed to the values corresponding 
to neutral pH (i.e. Asp and Glu side chains were negatively 
charged, while Lys and Arg side groups were represented in 
their positively charged forms). Then, eight ClO4
– anions were 
added to the simulation box, close to positively charged residues, 
to reach the neutrality. This system, hereafter denoted 
LYZ/water, was thermalized, equilibrated and relaxed using a 
three-step process, which can be summarized as follows: 1) 
2105 steps of energy minimization; 2) 2.1 ns of NVT MD at 298 
K; and 3) 35 ns of NPT MD at 298 K and 1.01325 bars. Figure 
1a, which displays the superposition of the LYZ as obtained from 
the last snapshot of the NPT MD simulation (blue) and in the 
crystal (red), indicates that the simulated protein maintains the 
structural characteristics observed in the solid state. Thus, the 
root mean square deviation (RMSD) between such two 
structures was of 2.162 Å only. 
Besides, an ultra-thin PEDOT film deposited over the 
surface of austenitic stainless steel, which was the substrate 
experimentally used to prepare both PEDOT/LYZ and P(EDOT-
LYZ) electrodes,[2,4] was modelled using a previously described 
approach.[12] In brief, the steel substrate was represented using 
a 3D organization of frozen iron atoms organized in the face-
centred cubic (fcc) crystal lattice observed for steel (cell 
parameter: a= 3.65 Å).[13] Thus, as the metallic substrate acted 
as a simple anchoring base for PEDOT chains, the austenitic 
steel was represented as an iron lattice, its minor components 
being omitted from the model. Specifically, 13372 iron atoms 
were distributed in nine layers (c= 14.6 Å) according to the (111) 
crystallographic plane, which corresponds to a surface of 98.55 
 100.35 Å2. After this, 100 PEDOT chains with a number of 
EDOT units ranging between 68 and 138 were grown parallel to 
the crystallographic direction c (z-axis) onto the iron substrate 
using a generation strategy that combines stochastic methods 
and MD simulations.[12] This strategy was proved to reproduce 
the main nanofeatures (i.e. topography and morphology) 
experimentally observed at the surface of ultra-thin PEDOT films. 
The total charge of every EDOT unit was kept at +0.5 and, as 
determined experimentally in previous work.[14] Therefore, one 
ClO4
– anion, which was the dopant agent experimentally used 
for the preparation of PEDOT/LYZ and P(EDOT-LYZ) 
electrodes,[2,4] was introduced every two EDOT units to 
neutralize the system. ClO4
– ions were placed within the polymer 
matrix using an early strategy envisaged to identify free volume 
regions within any polymeric solid.[15] Obviously, the density 
calculated for the PEDOT model, which contained 11000 EDOT 
units and 5500 perchlorate anions, =1.60 g/cm3, fits the 
experimental density as determined by the flotation method, = 
1.65 g/cm3.[14] The resulting PEDOT model, which was 
equilibrated and relaxed using the protocol reported in our 
previous work,[12] is displayed in Figure 1b.  
PEDOT/LYZ and P(EDOT-LYZ) models were constructed 
placing the PEDOT model in orthorhombic cells of 98.55  
100.35  559.0 Å3 and 98.55  100.35  601.0 Å3, respectively, 
and using the results from the LYZ/water simulation. Specifically, 
the PEDOT/LYZ model was built by transferring the LYZ protein, 
the eight ClO4
– anions and the water molecules from the first 
hydration shell (i.e. water molecules with the oxygen atom at a 
distance shorter than 2.5 Å from any polar atom of the protein or 
the ClO4
– anions), as obtained from the last snapshot of the 
LYZ/water simulation, onto the PEDOT surface. The remaining 
free space of the simulation box was filled with water molecules 
from a previously equilibrated simulated solvent box that 
reproduced the experimental density of this liquid. This 
PEDOT/LYZ model, which is depicted in Figure 1c, contained 
13372 iron atoms, 11000 EDOT units, one LYZ molecule, 5508 
ClO4
– anions and 112102 water molecules (i.e. a total of 522286 
explicit atoms). Finally, the whole system was relaxed and 
equilibrated using the protocol described in the Methods section. 
For the construction of the P(EDOT-LYZ) model a four-step 
strategy was engineered to encapsulate the protein inside the 
CP matrix. First, a very efficient approach[15] was used to identify 
all regions with unoccupied volume within the PEDOT film model 
(Figure 1b). After this, the largest unoccupied region was 
selected and filled with four spherical fictitious atoms of radius 
R= 10 Å and well depth = 0.20 kcal/mol. Third, the whole 
system, constituted by the PEDOT film model plus the four 
fictitious atoms was minimized and, subsequently, relaxed using 
a short NVT MD (5 ns). This step was repeated 15-times 
increasing slowly both the radius and well depth of fictitious 
atoms (i.e. R= 2 Å and = 0.1 kcal/mol) each time until reach 






the following parameters: R= 40 Å and well depth = 0.35 
kcal/mol. Finally, the four fictitious atoms were replaced by the 
LYZ, the eight ClO4
– anions and the water molecules from the 
first hydration shell as obtained from the last snapshot of the 
LYZ/water simulation. Finally, the P(EDOT-LYZ) model was 
completed by filling the free space of the simulation box with 
water molecules from a previously equilibrated simulated solvent 
box. This model, which was subjected to relaxation and 
equilibration as described in the Methods section, is displayed in 
Figure 1d and contained 13372 iron atoms, 11000 EDOT units, 
one LYZ molecule, 5508 ClO4
– anions and 124996 water 


































Figure 1. (a) Superposition of the LYZ in the crystal (1LKS entry in PDB; in 
red) and as obtained from the MD relaxation of the LYZ/water model (last 
snapshot from a 35 ns NPT MD simulation; in blue). (b) Lateral view (left) of 
the model constructed to mimic ultra-thin PEDOT films deposited onto 
stainless steel. The relative position of the PEDOT chains onto the iron 
substrate is also displayed (right). (c,d) Different views of the (c) PEDOT/LYZ 
and the (d) P(EDOT-LYZ) models illustrating the position of the protein 
molecule relative to the CP chains. The two models were constructed 
combining the results derived from the LYZ/water simulation and the PEDOT 
film model, as it is described in the text. The protein, PEDOT chains and ClO4
–
 
anions are represented in purple, brown and yellowish green, respectively, 
while the iron substrate and the water molecules have been omitted for clarity. 
The most direct approach for simulating an electric field consists 
of constructing a layer of explicit positive charges on one side of 
the simulation box and another layer of explicit negative charges 
on the opposite side of the simulation box (i.e. the system 
comprises two parallel layers with fixed charges separated by 
the bulk phase). Different charge concentrations in each layer 
can be introduced to create a realistic potential. However, the 
dual-layer approach considerably increases the size of the 
simulated systems and the computational cost. Thus, in order to 
avoid unrealistic border effects derived from artificially created 
layers, the bulk phase is required to be large enough. Although 
the dual-layer method might become more popular as 
computational power increases and simulations of larger 
systems become accessible, the constant electric field approach 
allows to avoid such undesirable effects. In this strategy, a 
uniform electric field, 𝐸𝑧⃗⃗⃗⃗ , is introduced throughout the entire 
simulated periodic cell. This gives rise to a force qi·𝐸𝑧⃗⃗⃗⃗  that 
applies to all charges qi in the simulation. The electric field is 
directed perpendicular to the box plane and must have a 
magnitude 𝐸𝑧⃗⃗⃗⃗  = V/Lz, where Lz is the length of the simulation box 
in that direction. Thus, the value of the applied voltage V is 
known a priori and the magnitude of the applied field depends 
only on the size of the simulation box Lz, with no need for a dual-
layer with an enlarged system. This approach, which has been 
employed in this work, was successfully used in many 
applications studying ion conduction, voltage-regulated water 
flux, and induced conformational changes of membrane 
proteins.[16] 
Results and Discussion 
Structural analysis of the adsorbed and encapsulated 
protein 
Figures 2a and 3a display the temporal evolution of the RMSD 
for the protein in PEDOT/LYZ and P(EDOT-LYZ) models, 
respectively, which was calculated with respect to the initial 
conformation and considering all backbone and side chain non-
hydrogen-atoms. In absence of electric field the RMSD of the 
protein exhibits small fluctuations in both models. Considering 
the last 20 ns of each trajectory, the average RMSD is 2.520.91 
and 2.040.08 Å for PEDOT/LYZ and P(EDOT-LYZ), 
respectively, suggesting that the backbone remains structurally 
stable during the whole simulations while side chains experience 
some deviations. It is worth noting that the structural distortion is 
higher when protein is adsorbed onto the CP surface than when 
it is embedded inside the CP matrix.  
Amazingly, the electric field does not cause relevant 
changes in the RMSD (Figures 2a and 3a), independently of its 
strength and sense. Indeed, in all cases the RMSD is lower in 
presence than in absence of electric field. For example, the 
averaged RMSD considering the last 20 ns of the 60 ns 
production run for PEDOT/LYZ and P(EDOT-LYZ) is 2.010.13 
and 1.750.08 Å, respectively, when 𝐸𝑧⃗⃗⃗⃗ = 0.20 kcal/(mol·Å·e
-), 
which represents a reduction of around 15-20% with respect to 
the averages obtained in absence of electric field. This tendency 
is clearly maintained when the length the trajectories was 






increased to 250 ns (i.e. the averaged RMSD considering the 
last 200 ns of the 250 ns run for PEDOT/LYZ and P(EDOT-LYZ) 
with when 𝐸𝑧⃗⃗⃗⃗ = 0.20 kcal/(mol·Å·e
-) is 2.310.18 and 1.650.14 Å, 























Figure 2. For PEDOT/LYZ simulations in absence and presence of electric 
field: (a) Temporal evolution of the RMSD, which was calculated considering 
all the protein non-hydrogen-atoms; (b) Residue based RMSF at the end of 
the simulation, which was calculated considering all the protein non-hydrogen-
atoms; (c) Details about the interactions formed by the Glu35 and Asp52 
residues (represented by balls in light brown), which are responsible for the 
antimicrobial activity of LYZ. Magnification of the Glu35- and Asp52-containing 
regions is displayed (left and right, respectively). (d,e) Distances (in Å) 
correspond to specific inter-residue interactions; and temporal evolution of the 
distance between the C-atoms of (d) Glu35 and Asp52 (dGlu35-Asp52), and (e) 
Lys1 and Leu129 (dLys1-Leu129). 
To assess the location of the major distortions of the constituting 
residues, the root mean square fluctuations (RMSF) of all non-
hydrogen atoms from the protein in PEDOT/LYZ and P(EDOT-
LYZ) was measured with respect to their positions in the crystal 
(Figures 2b and 3b, respectively). According to the Phillips 
mechanism,[17] Glu35 and Asp52 residues play an essential role 
in the antibacterial mechanism of LYZ. The protein damages 
bacterial cells by cleaving the (14) glycosidic linkage 
between alternating units of N-acetylmuramic acid and N-
acetylglucosamine, which are building blocks of bacterial cell 
walls. The terminal proton of Glu35 is transferred to the oxygen 
atom of the glucosidic bond between two neighbouring sugar 
residues, leading to the cleavage of the glucosidic bond and the 
formation of the carbenium ion. The positive charge of this 
carbenium ion is stabilized by the negative charge of Asp52 until 
a hydroxyl ion binds to the positive carbon atom and Glu35 is 
reprotonated. Another reaction mechanism, proposed by 
Koshland,[18] involves a glycosyl-LYZ intermediate in which the 
substrate is covalently bonded to Asp52. Vocadlo et al.[19] 
concluded from electrospray-ionization mass-spectrometric 
studies that the catalytic mechanism of LYZ involves an 
intermediate complex in which one sugar ring is covalently 
bonded to Asp52. However, the crystallized structure of a 
trisaccharide bound to the active-site of LYZ did not present 
such covalent intermediate, while the presence of hydrogen 
bonds in the environment of Glu35 and Asp52 supported the 
Phillips mechanism.[20] Inspection of the LYZ crystal structure[9b] 
shows that the carboxylate side group of Glu35 interacts with the 
following residues: Gln57 (Nbb / 1.76 Å), Val109 (Nbb / 1.82 Å) 
and Ala110 (Nbb / 1.84 Å), where Nbb refers to the nitrogen atom 
from the backbone and the distance corresponds to the N–H···O 
interaction. Besides, the carboxylate of the Asp52 residue 
interacts with Arg45 (Nsc / 1.81 Å; Nsc / 2.10 Å; double salt 
bridge), Asn46 (Nbb / 1.91 Å), Thr47 (Nbb / 2.09 Å) and Asn59 
(Nsc / 1.82 Å), where Nsc denotes the nitrogen atom from the side 
chain. In addition, the backbone N–H and C=O groups of Glu35 
and Asp52 also participate in specific hydrogen bonding 
interactions: (Glu35)N–H···O=C(Ala31 / 1.96 Å), 
(Glu35)C=O···H–Nsc(Gln57 / 2.22 Å), (Asp52)N–H···Osc(Thr43 / 
2.04 Å) and (Asp52)C=O···H–Osc(Thr43 / 1.62 Å). These 
hydrogen bonds and salt bridges, which are responsible for the 
antimicrobial activity of LYZ are depicted in Figure S2. 
In absence of electric field, the RMSF of Glu35 and Asp52 in 
PEDOT/LYZ are relatively low: 0.89 and 1.65 Å, respectively 
(Figure 2b). However, in this system PEDOT···LYZ interactions 
cause drastic distortions in surrounding regions that are crucial 
for the activity of the protein. Figure 2c shows that Glu35 only 
preserves the side chain···backbone interaction with Gln57 (1.82 
Å) and the backbone···backbone hydrogen bond with Ala31 
(2.10 Å), which is associated to the -helix secondary structure. 
This reduction is even more drastic for Asp52 since all the 
interactions mentioned above disappear upon adsorption onto 
PEDOT surface. Instead two new N–H···O interactions with the 
backbone of Asn44 are formed due to the apparition of a -sheet. 
Figure 2b shows the very high RMSF values of Arg45 (3.72 Å), 
Asn46 (5.55 Å) and Asp47 (4.61 Å), which explains the drastic 
change in the interaction pattern of the active site with respect to 
the crystal.  
Independently of its strength and sign, the RMSFs 
decreases in presence of 𝐸𝑧⃗⃗⃗⃗  (Figure 2b), which is consistent with 
the RMSD behaviour. In spite of this, the greater distortions and, 
by extension, the lost inter-residue interactions involving Glu35 
and Asp52 are the same in absence and presence of electric 
field. This is illustrated in Figure S3 for 𝐸𝑧⃗⃗⃗⃗ = 0.20 kcal/(mol·Å·e
-). 
Overall, MD simulations on PEDOT/LYZ indicate that the loss of 
antimicrobial activity is due to the distortions induced by the 
PEDOT···LYZ interactions formed upon adsorption rather than 
to the applied electric field. Although the alterations caused by 
these interactions are not very drastic, as is reflected by the 
superposition of the crystal structure and the last snapshot from 
the simulation (Figure S4), they affect the side groups of key 
polar residues, altering significantly the interaction pattern with 
respect to the crystal (Figures S2 and 2c).  
Regarding to P(EDOT-LYZ), many of the interactions 
involving Glu35 and Asp52 remain practically unaltered, as it is 
shown in Figure 3c. More specifically, the Glu35 maintains the 






side chain···backbone interactions with Val109 (1.82 Å) and 
Ala110 (2.35 Å) and the backbone···backbone interaction with 
Ala31 (1.95 Å), losing the two interactions with Gln57. The 
Asp52 preserves the side chain···backbone interaction with 
Asn46 (2.24 Å), the side chain···side chain with Asn59 (this 
becomes stronger, involving the two oxygen atoms of the 
carboxylate moiety: 2.41 and 2.20 Å), and one of the 
backbone···side chain interactions with Thr43 (1.87 Å). Thus, 
Asp52 loses the interactions with Arg45 and Thr47, even though 
new interactions with Asn44 (Figure 3c), similar to those found 
for PEDOT/LYZ, are detected. Moreover, many of the 
interactions found in the crystallized active centre are also 
detected in P(EDOT-LYZ) when the 𝐸𝑧⃗⃗⃗⃗  is applied, independently 
of the strength and sign. This is illustrated in Figure S5 for 𝐸𝑧⃗⃗⃗⃗ = 
0.20 kcal/(mol·Å·e-), which shows the interactions of Glu35 with 
Ala31 (1.84 Å), Val109 (2.03 Å) and Ala110 (2.04 Å) and of 
Asp52 with Thr43 (1.83 Å), Asn44 (2.02 and 2.04 Å), Asn46 
























Figure 3. For P(EDOT-LYZ) simulations in absence and presence of electric 
field: (a) Temporal evolution of the RMSD, which was calculated considering 
all the protein non-hydrogen-atoms; (b) Residue based RMSF at the end of 
the simulation, which was calculated considering all the protein non-hydrogen-
atoms; (c) Details about the interactions formed by the Glu35 and Asp52 
residues (represented by balls in green), which are responsible for the 
antimicrobial activity of LYZ. Magnification of the Glu35- and Asp52-containing 
regions is displayed (left and right, respectively). (d,e) Distances (in Å) 
correspond to specific inter-residue interactions; and temporal evolution of the 
distance between the C-atoms of (d) Glu35 and Asp52 (dGlu35-Asp52), and (e) 
Lys1 and Leu129 (dLys1-Leu129). 
Figure 4 summarizes the comparison among the side 
chain···backbone, backbone···side chain, side chain···side 
chain and backbone···backbone interactions involving Glu35 
and Asp52 in 1LKS (crystal), PEDOT/LYZ and P(EDOT-LYZ), 
both simulations in absence of electric field and applying 𝐸𝑧⃗⃗⃗⃗ = 
0.20 kcal/(mol·Å·e-) being considered for the latter two. 
Unfortunately, from these results it is not possible to ascertain 
which residue, Glu35 or Asp52, plays the most important role in 
the antimicrobial activity of LYZ since almost all interactions are 














Figure 4. Comparison among the side chain···backbone (sc-bb), 
backbone···side chain (bb-sc), side chain···side chain (sc-sc) and 
backbone···backbone (bb-bb) interactions involving Glu35 and Asp52 in 1LKS 
(crystal structure), PEDOT/LYZ and P(EDOT-LYZ). Observed interactions are 
represented by coloured bars. Results from simulations in absence of electric 
field and applying 𝐸𝑧⃗⃗⃗⃗ = 0.20 kcal/(mol·Å·e
-
) are considered for the two 
composites with PEDOT. 
Overall, results indicate that the anisotropy of PEDOT···LYZ 
interactions in PEDOT/LYZ are responsible for the loss of 
antimicrobial activity experimentally observed.[2] Although such 
anisotropic interactions does not cause drastic changes in the 
conformation of LYZ, as is reflected by the RMSD and RMSF 
profiles displayed in Figures 2a and 2b, respectively, they are 
large enough to affect the local interactions that preserves the 
stability of the active centre. This is clearly evidenced in Figure 
2d, which represents the variation of the distance between the 
C-atoms of Glu35 and Asp52 (dGlu35-Asp52). The dGlu35-Asp52 
values averaged over the last 20 ns of each simulation are 
11.690.36, 11.000.35, 11.380.38, 10.840.22, and 
11.090.47 Å for 𝐸𝑧⃗⃗⃗⃗ = 0.00, 0.000.2, 0.20, -0.0020 and -0.020 
kcal/(mol·Å·e-), respectively. These values are approximately 
15% larger than the one observed in the crystallized structure 
(i.e. 9.66 Å). Figure 2e depicts the temporal evolution of the 
distance between Lys1 and Leu129 (dLys1-Leu129), which can be 
interpreted as the breathing movements of the LYZ protein 
during the trajectory. As it can be seen, fluctuations are very 
small, suggesting that the polymer stretches the part of the 
protein in contact with the surface. This avoids the small 
movements associated with the thermal effects and cause local 
distortions. The average dLys1-Leu129 values (last 20 ns of each 
simulation), which are 23.550.52, 23.890.44, 24.580.51, 
23.610.41, and 23.590.64 Å for 𝐸𝑧⃗⃗⃗⃗ = 0.00, 0.0002, 0.20, -
0.0002 and -0.20 kcal/(mol·Å·e-), respectively, are greater than 
the crystallographic value (i.e. 21.07 Å). This overestimation 
(13%) is fully consistent with the features discussed above. 
A completely different situation is found for P(EDOT-LYZ), in 
which PEDOT····LYZ interactions are much more isotropic. In 






this case, the protein is kept enclosed in a cavity, which acts as 
a mold. The temporal evolution of dGlu35-Asp52 (Figure 3d) 
indicates values very close the crystallographic one, even when 
the electric field is applied. Specifically, the average dGlu35-Asp52 
values (last 20 ns) of each simulation are 10.310.40, 9.870.34, 
10.070.39, 10.110.39, and 11.070.34 Å, or 𝐸𝑧⃗⃗⃗⃗ = 0.00, 0.002, 
0.20, -0.002 and -0.20 kcal/(mol·Å·e-), respectively, which differ 
by less than 6.7% with respect to the crystallographic value. On 
the other hand, this cage-like effect observed for P(EDOT-LYZ) 
does not affect the breathing movement, fundamentally 
associated with the thermal energy, as is displayed in Figure 3e. 
Thus, dLys1-Leu129 experiences occasional deviations, recovering 
after a few ns values close to the average value. This behaviour 
should be attributed to the fact that cavity that contains the 
protein is large enough to prevent compressing affects but small 
enough to avoid structural distortions.  
These conclusions are supported by relevant structural 
properties such as Rg and RH, which have been calculated to be 
14.7 Å and 19.1 Å, respectively, for the crystallized protein. The 
values averaged from PEDOT/LYZ and P(EDOT-LYZ) 
simulations in absence of electric field are [Rg= 15.20.1 Å; RH= 
19.90.2 Å] and [Rg= 15.10.1 Å; RH= 19.80.2 Å], respectively. 
These values represent an increment with respect to the crystal 
of 3%-4% only, supporting that the CP does not induce severe 
structural distortions in the protein. Moreover, the changes 
caused by the application of the electric field are very small, 
independently of the strength and sign (Table S1).  
Analysis of the secondary motifs in the crystal indicates that 
the content of -strands and helices amounts to S= 3.1% and 
H= 37.2%, whereas loops- and turns-containing unfolded 
regions reach the highest population L+T= 59.7%. Figure 5 
represents the temporal evolution and average value of the 
population of S, H and L+T motifs for PEDOT/LYZ and 
P(EDOT-LYZ) in absence of electric field and applying 𝐸𝑧⃗⃗⃗⃗ = 0.20 
kcal/(mol·Å·e-), which has been chosen to illustrate the effect of 
the electric field (i.e. trajectories with 𝐸𝑧⃗⃗⃗⃗ = 0.002, -0.002 and -0.20 
kcal/(mol·Å·e-) provide similar results). Interestingly, in absence 
of electric field both the adsorption and the encapsulation of LYZ 
(Figures 5a and 5b, respectively) result in a significant increment 
of -strands, which is possible due to a reduction in the 
population of unstructured regions, while helices remain 
approximately at the same value (i.e. differences were 1.0-1.2% 
only). However, these tendencies are more pronounced for 
PEDOT/LYZ (S= 11.0%0.9% and L+T= 50.6%2.3%) than for 
P(EDOT/LYZ) (S= 8.1%0.9% and L+T= 53.7%2.2%). 
Application of 𝐸𝑧⃗⃗⃗⃗ = 0.20 kcal/(mol·Å·e
-) to the system with the 
adsorbed protein is in detriment of the S and H populations 
(Figure 5c), which increase with respect to the crystal, causing a 
reduction in the percentage of L+T that is higher than that 
obtained in absence of electric field. Conversely, the electric 
field does not produce any significant change in the distribution 
of secondary motifs of P(EDOT-LYZ) (Figure 5d), the 
populations of secondary motifs being similar to those achieved 
in absence of electric field. 
On the basis of these results and the previously reported 
experimental observations,[2] the mechanisms that regulates the 
antimicrobial activity of P(EDOT-LYZ) is proposed to be based 
on the dynamics of the PEDOT chains. Thus, CPs are dynamic 
systems in which dopant ions are continuously exchanged with 
the medium (i.e. access of ions into the polymer matrix and 
escape of ions from the polymer matrix). This exchange is 
accompanied by relatively slow structural re-arrangements and 
local relaxations of the polymer chains, which probably facilitate 
the slow diffusion and subsequent release the LYZ molecules 















Figure 5. Temporal evolution of the population of -strands (S), helices (H), 
and loops and turns (L+T) as derived from (a,c) PEDOT/LYZ and (b,d) 
P(EDOT/LYZ) MD trajectories in (a,b) absence of electric field and (b,d) 
applying 𝐸𝑧⃗⃗⃗⃗ = 0.20 kcal/(mol·Å·e
-
). The L+T motif is mainly related with 
unstructured regions of the protein. Average values with the corresponding 
standard deviations, which were calculated considering the whole trajectories, 
are also displayed. 
PEDOT···LYZ interactions 
The interactions between the LYZ protein and PEDOT chains 
have been analysed by calculating the radial distribution 
functions (RDFs) between pairs of atoms. Figure 6a, which 
represents the RDFs calculated between all atoms of LYZ and 
all atoms of PEDOT chains atom (RDFLYZ-PEDOT), reflect the 
presence of van der Waals contacts in both PEDOT/LYZ and 
P(EDOT-LYZ). In both cases the profiles start at r 2.3 Å, which 
is shorter to the sum of the van der Waals radii of hydrogen 
atoms, and increasing with r. This feature indicates the 
existence of non-specific electrostatic and van der Waals 
PEDOT···LYZ interactions. As it is expected, the growing 
tendency is much more pronounced for the protein embedded 
into the polymer matrix than for the protein adsorbed onto the 
surface of PEDOT.  
Specific N–H···O, N–H···S, O–H··· O and O–H···O 
hydrogen bonding interactions were examined through the 
corresponding LYZ(N or O)···(O or S)PEDOT pairs. Obviously, 
the O atoms belonging to the backbone C=O from LYZ were 
excluded from the analysis since they cannot act as hydrogen 
bond donor. Figures 6b and 6c display the RDFsLYZ(N)-(O)PEDOT 
and RDFsLYZ(N)-(S)PEDOT profiles, respectively, computed for 
PEDOT/LYZ and P(EDOT-LYZ). A peak centred at r 4.6 Å is 
obtained for the RDFLYZ(N)-(O)PEDOT of the two systems, even 
though this is significantly higher for PEDOT/LYZ than for 
P(EDOT-LYZ). The opposite tendency is shown for the first peak 
of the RDFLYZ(N)-(S)PEDOT at r 3.8 Å. These features confirm the 






existence of N–H···O and N–H···S hydrogen bonds in both the 
adsorbed and encapsulated systems. However, the former 
hydrogen bonds are more abundant in PEDOT/LYZ than in 
P(EDOT-LYZ), while the latter interaction is more abundant in 
P(EDOT-LYZ) than in PEDOT/LYZ. Interestingly, N–H···S 
hydrogen bonds are stronger than N–H···O ones, as is reflected 
by the r values of the first peaks. This has been attributed to the 
flexibility of the dioxane ring, which is used to accommodate the 
protein onto the surface or inside the cavity of the CP film. Thus, 
the maximization of non-specific electrostatic interactions is in 
detriment of the strength of N–H···O hydrogen bonds. In 
contrast, the strength of N–H···S hydrogen bonds is imposed by 
the rigidity of the thiophene rings. 
Inspection of the RDFLYZ(O)-(O)PEDOT profiles (Figure 6d) 
reveals that the characteristics of O–H···O hydrogen bonds are 
similar to those discussed for the N–H···O ones. Finally, 
RDFLYZ(O)-(S)PEDOT profiles (not shown, respectively) evidence that 
O–H···S interactions are practically negligible, no well-defined 
peak is detected. In general, results displayed in Figure 6 
indicate that the electric field has a minor role in the population 
and strength of hydrogen bonds, causing only small changes. 
 
Perchlorate anions: Interactions and diffusion 
Finally, the strength and abundance of ClO4
–···PEDOT and 
ClO4
–···LYZ interactions were analysed by comparing the RDFs 
involving the following pairs of atoms: 1) the chlorine atom of 
ClO4
– and the sulphur atoms of PEDOT chains (RDFCl-(S)PEDOT); 
2) the chlorine atom of ClO4
– and the backbone -carbon atoms 
of LYZ (RDFCl-(C)LYZ). Results, which are displayed in Figures 
S6a-b, indicate that the peaks are much higher for RDFCl-(S)PEDOT 
than for RDFCl-(C)LYZ, independently of both the encapsulated or 
adsorbed configuration of the protein and the presence or 
absence of electric field. This feature is consistent with the fact 
that ClO4
– ions remain close to the PEDOT chains and only a 
few anions interact directly with the protein. Deeper analyses 
evidenced that such few ClO4
–···LYZ interactions occur with the 
nitrogen atoms of Arg and Lys charged residues, as is shown by 
the RDFs calculated considering pairs involving the chlorine 
atom of ClO4
– and the nitrogen at the side chains of such 
residues (RDFCl-(Nsc)LYZ in Figure S6c). Moreover, these strong 
electrostatic interactions are more abundant in P(EDOT-LYZ) 
than in PEDOT/LYZ, as expected because of the encapsulation 
of the protein in CP matrix. 
The diffusion coefficients (D) of the ClO4
– ions were 
determined using the Einstein relation once the diffusive regime 
was reached. For this purpose, the mean square displacement 
as a function of time of ClO4
– ions were calculated. The values 
of D calculated for PEDOT/LYZ and P(EDOT-LYZ) are 
represented in Figure 7 as a function of 𝐸𝑧⃗⃗⃗⃗ . In absence of 
electric field, the values of D were similar for the two systems. 
Analysis of their three components (i.e. Dx, Dy and Dz) indicates 
that Dz (72·10
-5 cm/s) is larger than Dx and Dy, which are very 
similar (47·10-5 cm/s). This feature indicates that, as it was 
expected, the diffusion of ClO4
– anions is higher in the direction 
perpendicular to the steel substrate than in the parallel one. The 
anisotropy in the diffusive behaviour of the dopant anions is 
guided by the orientation of the positively charged PEDOT 





























Figure 6. Radial distribution functions (RDF) for the following pairs of atoms: 
a) all atoms of LYZ and all atoms of PEDOT chains atom (RDFLYZ-PEDOT) to 
identify non-specific electrostatic and van der Waals interactions; b) N(–H) 
atoms of LYZ and O atoms of PEDOT (RDFLYZ(N)-(O)PEDOT) to identify N–H···O 
hydrogen bonds; c) N(–H) atoms of LYZ and S atoms of PEDOT (RDFLYZ(N)-
(S)PEDOT) to identify N–H···S hydrogen bonds; and d) O atoms (excluding those 
belonging to the C=O groups of the backbone) of LYZ and O atoms of PEDOT 
(RDFLYZ(O)-(O)PEDOT) to identify O–H···O hydrogen bonds. In all cases the 
profiles calculated for PEDOT/LYZ and P(EDOT-LYZ) are displayed at the left 
and right, respectively. 
Application of 𝐸𝑧⃗⃗⃗⃗ .results in an enhancement of the diffusion 
coefficient, this effect being considerably more pronounced in 
the direction of the applied electric field than in the perpendicular 
direction. Moreover, such tendency increases with the strength 
of 𝐸𝑧⃗⃗⃗⃗ , especially for PEDOT/LYZ, while it is independent of sign 
of the field. Accordingly, the Arg and Lys residues of the protein 
immersed in the cavity inside the polymer matrix, remarkably 
shield the effects of the electric field in the diffusion of the 
dopant anions. Thus, the electric field is not high enough to 
disrupt the strong electrostatic interactions between the positive 
charged side groups and the negatively charged counter-anions. 
This feature is consistent with the fact that RDFCl-(Nsc)LYZ is higher 























Figure 7. Diffusion coefficients of 

4ClO  anions in PEDOT/LYZ and 
P(EDOT-LYZ) in absence of electric field and applying selected external 




Our MD study gives support to the experimental observation that 
biocapacitors in which the LYZ is adsorbed onto the surface of 
PEDOT films do not present antimicrobial activity. Our results 
show that oxidized PEDOT chains, which grow onto a steel 
substrate and exhibit a total charge of +0.5 per EDOT repeat 
unit, interact with the numerous charged residues of the protein 
(20.1%). These interactions produce small structural alterations 
at the protein, affecting the residues at the active centre and 
breaking the key interactions for the bactericidal activity of LYZ. 
Unexpectedly, this behaviour is independent of the presence of 
electric field, even when this is strong. Therefore, the loss of 
biological activity has been exclusively attributed to the 
anisotropy of the PEDOT···LYZ electrostatic interactions, which 
is a phenomenon induced by the alignment of CP chains in the 
direction perpendicular to the metallic substrate. Conversely, 
biocapacitors prepared by encapsulating the protein inside the 
PEDOT matrix retain the most important inter-residue 
interactions at the LYZ active centre, preserving the 
antimicrobial activity. In this case, the anisotropic effects are 
minimized since the surrounding environment exerts forces of 
similar strength around the whole protein. Consequently, the 
formed electrostatic PEDOT···LYZ interactions are isotropic or 
quasi-isotropic and structural distortions are minimized.  
The great advantage of the MD simulation technique is the 
wealth of structural information provided with atomistic detail. 
Although, this technique has a severe limitation in its high 
computational cost, which is particularly evident in simulations 
conducted in presence of electric field, realizable results can be 
obtained by exploring conditions adapted to drastically 
accelerate the investigated physical phenomena. For example, 
the length of the trajectories conducted using 𝐸𝑧⃗⃗⃗⃗ = 0.20 and -0.20 
kcal/(mol·Å·e-) is enough to conclude unmistakably that the 
bactericidal activity of PEDOT/LYZ and P(EDOT-LYZ) 
biocapacitors is independent of the electric field applied or 
supplied during charge-discharge processes. 
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Atomistic molecular dynamics 
simulations have been used to 
examine the influence of lysozyme 
(LYZ)···poly(3,4-
ethylenedioxythiophene) (PEDOT) 
interactions in the bactericidal activity 
of LYS/PEDOT biocapacitors when 
the protein is adsorbed onto the 
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